This study investigates the use of DNase and washing steps in removing dead cells' DNA during sample preparation and their effect on the detection of viable cells using polymerase chain reaction (PCR). The results indicated that the DNA from heat-killed cells could be completely removed by DNase; thus, would not be detected by PCR. Inclusion of washing steps in centrifugation during sample preparation fails to remove DNA from heat-killed cells, but it reduces the amount of DNA from dead cells as well as viable cells. DNase could selectively remove DNA of heat-killed cells in the water sample without influencing the PCR amplification of viable cells' DNA. The inclusion of washing steps in the centrifugation procedure was ineffective, because viable cells might be lost during washing steps. This method allows the detection of viable bacteria and subsequently contributes to research concerning environmental samples.
Introduction
Extensive deforestation continues to threaten biological diversity and sustainability of resources including also the quality and quantity of water. In the State of Sabah, Borneo, massive logging and displacement of forest due to sprawling oil palm plantation and milling activities have caused substantial damage to the forests and have polluted the river systems. The poor logging practices and intensification of agriculture have amplified the discharge of sediments and palm oil mill effluents into the river systems. Consequently, polluted rivers could cause harm to the public who use them as a source of drinking water, and also slowly and surely endanger the integrity of the ecosystem with its rich biodiversity.
The fluctuations in the environmental parameters as a result of such activities will trigger changes in the microbial content of the water. Thus, in order to determine the water quality for public health, routine environmental measurement and monitoring are required, especially in the detection of viable pathogens. Effective detection should be rapid, both because of the resident population and the inflow of tourists. Conventional culture-based assays take time, whereas polymerase chain reaction (PCR) is one of the molecular techniques that can overcome selectivity and sensitivity issues associated with the culture techniques. Unlike culture techniques, PCR is based on the detection of a fraction of DNA of the targeted bacteria. It relies on the in vitro amplification of a DNA fragment. Since PCR is simple and rapid, a result can be obtained soon after receiving the sample [1] . Detection by PCR will not, however, be able to differentiate the viability of the detected bacteria since they can be viable, viable but non-culturable or dead [2] . Intact DNA can be present although the organisms are dead and thus can be detected by PCR. Apparently, the DNA extracted from cells killed by boiling or other treatments remains intact and will serve as a template for PCR long after cell death [3] [4] [5] . Various approaches such as DNA-intercalating dyes like ethidium monoazide and propodium monoazide with qPCR have been proposed for viability assays, but there are limitations [6] . Since the viability concept is fundamental for interpreting the result in environmental samples especially in regard to water quality [7] , there is an interest to develop a rapid PCR method for selective detection of viable bacteria in water.
To do that, there is a need to remove false DNA fragments when preparing a sample prior to PCR. In this study, DNase was used as an endonuclease that degrades both double-stranded and single-stranded DNA producing oligonucleotides. The application of DNase in removal of DNA fragments in dead cells is based on the physical difference between living and dead cells. The nucleic acids in living cells are protected because the cell membranes remain intact, whereas in dead cells, these barriers are compromised and the nucleic acids are exposed to compounds added to the sample [8] .
Inclusion of washing steps in centrifugation during sample preparation may play a critical role in removal of DNA of dead cells. According to Uyttendaele et al. [9] , sample preparation which encompasses centrifugation and two washing steps prior to DNA extraction leads to complete lysis and removal of DNA of the heat-killed cells; thus, this would prevent PCR detection of heat-killed cells.
The aim of this research is to develop a rapid and selective assay to detect viable bacteria in water samples by applying DNase and washing steps during sample preparation to remove DNA of heat-killed bacterial cells. Since Escherichia coli is a common organism in environmental assessment and an important indicator of faecal contamination in water quality, it has been chosen as a model micro-organism. This paper examines the effect of DNase and washing steps on PCR detection of viable bacteria.
Materials and methods

Bacterial culture conditions
Non-pathogenic E. coli cells were grown aerobically in 2 mL of Luria-Bertani (LB) broth at 37°C for 16 h to reach a cell density of approximately 3.4 Â 10 9 colony forming units (cfu) mL À1 . To obtain this cell density, serial dilution of cell cultures was carried out and colonies formed on LB agar were enumerated after incubation at 37°C for 16 h.
Bacterial seeding and heat treatment
To generate non-viable cells, E. coli cells (3.4 Â 10 9 cfu mL À1 ) were heat treated at 100°C for 10 min [10] . The heat-killed and untreated (viable) cells were subsequently seeded in sterilised milli-Q water (1:10).
DNase treatment
Heat-killed or viable E. coli cells (3.5 μL) were subjected to DNase treatment. Ten units of RQ1 DNase (Promega, USA) and 1Â DNase buffer were added to the cell suspensions. All the DNase-treated cells were subsequently incubated at 37°C for 3 h. A sample without DNase treatment was included as negative control for heat-killed and viable samples.
Washing steps
One millilitre of the heat-killed or viable E. coli cells was subjected to two washing steps. Bacterial cells were pelleted by centrifugation at 10,000 rpm for 5 min, washed twice in 500 μL milli-Q water, vortexed and finally re-suspended in 100 μL milli-Q water [9] . A sample without washing steps was used as negative control for heat-killed and viable samples.
Viability verification
To confirm the presence of viable cells in viable and heat-killed samples and their respective controls, turbidity of these cells was observed by growing the cells in LB broth at 37°C for two days. Visible turbidity would indicate the presence of bacterial growth.
PCR amplification
To prepare DNA templates for PCR, bacterial cells were subjected to direct lysis. They were lysed by heating at 100°C for 10 min. Following removal of the bacterial debris by centrifugation, the supernatant was immediately used as template in PCR amplification.
Amplification reactions were carried out in 10 μL total volume of PCR mixture containing 1 μL of template DNA, 5 mM of MgCl 2 , 1Â PCR buffer, 1 mM each of dNTP, 2.5 μM each of primers and 2.5 U of Taq DNA polymerase. The mixture was subjected to predenaturation at 94°C (20 s), 35 cycles of amplification with denaturation at 94°C (20 s), annealing at 60°C (20 s) and extension at 72°C (30 s), and final extension at 72°C for 2 min. The primer pair used in the amplification reactions was 16E1 5′-GGGAGTAAAGTTAATACCTTTGCTC-3′ (forward) and 16 E2 5′-TTCCCGAAGGCACATTCT-3′ (reverse). These primers were developed and designed by Tsen et al. [11] . The expected size for PCR products amplified from this primer pair was 584 bp.
Detection of PCR products
PCR products were analysed using 2% agarose gel (Mallinckrodt, USA). Agarose gel electrophoresis was performed in 1Â TAE buffer (40 mM Tris-acetate, pH 8.0 and 1 mM Na 2 -EDTA) for 1 h at 80 V. Following gel staining in ethidium bromide, the gel was examined with UV transilluminator (Alpha Innotech, USA) and photographed.
Results and discussion
Viability verification of viable and heat-killed samples
After DNase treatment or washing procedure, viability of the viable and heat-killed samples and their respective controls were determined by visible turbidity after culturing 876 C.F. Ho et al. in LB broth (table 1) . Turbidity was visible in all viable samples treated with DNase or washing steps and their controls. No visible turbidity was observed for the heat-killed samples. This showed that viable bacteria were present in the viable sample and no bacteria survived after the 100°C heat treatment. This viability confirmation is important both for determining the effect of DNase treatment and washing steps on cell viability, and for indicating that the degree and the duration of heat treatment are sufficient to kill all the viable bacteria artificially seeded in the samples.
Effect of DNase treatment
After confirming that DNase treatment has no influence on the cell viability, we asked whether the DNase treatment can selectively remove the DNA produced by dead cells.
To answer this, we compared DNA obtained from the heat-killed and viable cells after DNase treatment by PCR amplification. The presence of 584 bp band in the agarose gel indicated that DNase treatment did not degrade the DNA template present in the sample, while the absence of this band meant that the DNA were degraded by DNase. When comparing the viable cells with DNase treatment to viable cells without DNase treatment, we found that all viable samples regardless of DNase showed the 584 bp PCR product ( figure 1, Lane 2, 3) . Results obtained for viable samples treated with DNase showed that DNA in viable cells was not affected by DNase. But, the expected band was absent in heat-killed sample with DNase treatment (figure 1, Lane 5) compared to the heat-killed sample without DNase ( figure 1, Lane 4) . The PCR signal generated in the heat-killed cells without DNase treatment showed that dead cells' DNA could still be detected by PCR even after the bacteria were subjected to heating at 100°C. This has also been demonstrated by other researchers [3, 5, 12] . No band was detected in the heat-killed sample treated with DNase, because DNase had degraded all DNAs in heat-killed cells; PCR could detect no DNA in them. This indicated that DNase treatment prior to PCR was able to remove the DNA in non-viable cells.
The results presented here show that DNase can selectively degrade and remove DNA in heat-killed bacterial cells without influencing the DNA in viable cells. This might be due to the physical differences between living and dead cells. The cell membranes of dead cells are compromised while the viable cells remain intact; thus permitting all the DNA from heat-killed cells to be exposed and degraded by DNase while the DNA in viable cells is shielded from DNase [7, 13] . 
Effect of washing steps in centrifugation
Although inclusion of washing steps does not affect the cell viability, its effectiveness in removing DNA from non-viable samples needs further investigation. the effect of washing steps during sample preparation on PCR detection of viable and heatkilled cells. An expected band was observed in the viable and heat-killed samples subjected to two washing steps (figure 2, Lane 3, 5) and also their controls without washing steps (figure 2, Lane 2, 4). Compared to their controls, the band intensity for both viable and heat-killed samples with washing steps was found to be lower. The decrease in band intensity of the viable and heat-killed cells suggested that the amount of DNA presented in viable and dead cells was less compared to samples without washing steps. The reduction of viable cells' DNA was unexpected; this may be due to the loss of cell number during washing steps. The agitation as a result of repetitive vortexing and centrifugation in washing steps may be attributed to partial cell lysis and subsequent release of DNA [9] . Although DNA from dead cells was detected during PCR, subsequent washing steps might be able to remove it. This was demonstrated by the reduction of DNA in the heat-killed samples with the inclusion of washing steps (figure 2, Lane 5). The dead cells' DNA could be removed during washing steps. The results also showed that DNA from dead cells could not be completely removed through washing steps. Nevertheless, we could not conclude that the decrease in band intensity is caused by the removal of dead cells' DNA or the loss of cell number. To sum up, our results showed that washing steps are not as effective as DNase treatment.
Conclusions
DNase can selectively degrade unwanted DNA in heat-killed cells without affecting the integrity of viable cells as demonstrated through PCR amplification. Inclusion of washing steps during sample preparation prior to PCR was ineffective in completely removing all DNA from heat-killed cells and this will affect the PCR results in detection of viable cells. As the DNase approach was more effective and selective than washing steps, this makes it more promising for use in the development of PCR-based detection of only viable bacterial cells in environmental samples. Issues related to portability and efficiency present challenges that this method will need to overcome in the future.
